Abstract. Des-Á-carboxy prothrombin (DCP) is an established HCC tumor marker, but the precise mechanism of its production is still unclear. Recently, we demonstrated that cytoskeletal changes during epithelial-to-fibroblastoid conversion (EFC) or epithelial mesenchymal transition (EMT) induced by chemicals plays a critical mechanistic role in DCP production via impairment in vitamin K uptake. Our proposed mechanism of DCP production is consistent with substantial clinical evidence. Supplementary vitamin K2 analogues reduced serum DCP levels in hepatocellular carcinoma (HCC) patients. HCC patients with high serum DCP are associated with vascular invasion, metastasis and tumor recurrence. On the other hand, hypoxia has been reported to induce EMT or cytoskeletal changes. Therefore, we examined whether hypoxia induced DCP production during EFC or EMT in HCC cells. Indeed, hypoxic stimulation induced hepatoma cell lines (HepG2 or PLC/PRF/5 cells) to undergo EFC or EMT and these cells produced DCP. Immunofluorescence study demonstrated that hypoxic stimulation impaired labeled low-density lipoprotein uptake, which was a surrogate for vitamin K uptake. In addition, fine filamentous actin network, which has crucial role for clathrin-mediated endocytosis of vitamin K, was disrupted in DCP producing cells by hypoxic stimulation. Thus, hypoxic stimulation induced HCC cells to produce DCP in the same mechanism as chemicals. Furthermore, immunohistochemical study using surgically resected HCC samples showed that a positive staining of nuclear hypoxia inducible factor (HIF)-1· was more frequently observed in HCC cells with stronger staining intensity of DCP. Importantly, clinical observations that DCP as an HCC tumor marker was more useful in larger tumors, which is likely to be exposed with hypoxia during tumor development, support our results.
Introduction
Prothrombin is a vitamin K-dependent blood coagulation protein that is synthesized only in the liver, and biological active form of prothrombin is produced when vitamin K functions as a cofactor in the posttranslational carboxylation of specific glutamyl residues. In the absence of vitamin K or when its action is antagonized by vitamin K antagonists (warfarin), abnormal prothrombin (des-Á-carboxyl prothrombin; DCP), also known as 'protein induced by vitamin K absence or antagonist II' (PIVKA-II), is released into the blood (1, 2) .
Recently, we demonstrated the mechanism of DCP production in HCC, which demonstrated that impairment of vitamin K uptake through cytoskeletal changes during chemical induction of epithelial-to-fibroblastoid conversion (EFC) has a crucial role for DCP production (3, 4) . Importantly, our proposed mechanism is supported by several clinical observations. Supplementary administration of vitamin K2 analogues reduced serum DCP levels in HCC patients (5) , and vitamin K2 inhibited DCP production in vitro as well (6) . This would be explained that supplementary vitamin K2 recover total uptake of vitamin K into HCC cells through a functionally impaired-filamentous (F)-actin-dependent or an F-actin-independent pathway (4) since DCP is not actively produced by HCC unlikely to ·-fetoprotein (AFP), but shortage of vitamin K uptake into HCC cells resulted in biological inactive form of prothrombin (DCP) production. This would be a similar mechanism, that high serum DCP is observed when utilization of vitamin K is impaired by warfarin administration.
Cancer cells gain migratory and/or invasive properties when they were exposed to noxious stimuli such as chemicals (12) or hypoxia (13, 14) in an attempt to escape from an unfavorable microenvironment. Various cancer treatments may stimulate epithelial mesenchymal transition (EMT) and thus enhance invasion and metastasis (15) . Indeed, chronic chemotherapy induces EMT in colorectal cancer cells in vitro (16) and chemotherapy-resistance is associated with EMT in several cancer cell lines (17) (18) (19) . We also demonstrated that E-cadherin repression, which is involved in the early recurrence of HCC after surgical treatment (10) or metastasis (11) , is observed in DCP-producing HCC cells during EFC (3, 4) . Clinical evidence that high serum DCP in HCC patients is associated with a high risk of vascular invasion (7, 8) , intrahepatic metastasis (8) and tumor recurrence (9) may support our results because E-cadherin is a central component of cellcell adhesion junctions. Hypoxia or overexpression of hypoxia inducible factor (HIF)-1· also promotes EMT and metastatic phenotypes in human carcinoma cells (20) . The presence of hypoxia within the tumor is generally an independent marker of invasion, metastasis (21) , and of poor prognosis (13) . In addition, disruption of the cytoskeletal network by hypoxia has been reported in diverse tissues such as vessel walls, brain, and kidney (22) and rat sinusoidal endothelial cells (23) .
From the above accumulating evidence, we examined if hypoxia, which is a common feature during cancer development, could induce EFC or EMT, resulting in DCP production in HCC cells through the same mechanism as chemicals (3, 4) .
Materials and methods
Cell culture. HepG2 and PLC/PRF/5 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). Cells were incubated in normoxic (O 2 =21%, 5% CO 2 ) or hypoxic (O 2 =1%, 5% CO 2 ) condition. Cells were also incubated with indicated concentration of CoCl 2 (Sigma, St. Louis, MO) in normoxic condition (O 2 =21%). For the immunofluorescence study, cells were cultured in chamber slides (Nagle Nunc International, Rochester, NY).
Enzyme-linked immunosorbent assay (ELISA) for DCP.
Cells were seeded at a density of 2x10 5 cells into 24-well plates. The next day, the medium was replaced with medium containing various concentrations of CoCl 2 , and the cells were cultured for another 48 h. In other experiments, cells were cultured in hypoxic condition (1% O 2 , 5% CO 2 ) for 48 h after replacement with new 10% DMEM. The supernatant of the culture medium was subjected to ELISA for DCP. The DCP concentration was determined using a PIVKA-II ELISA kit (Eisai, Tokyo, Japan) according to the manufacturer's instructions.
Uptake of low-density lipoprotein (LDL).
Cells were cultured in serum-free DMEM containing 1% bovine serum albumin with or without 100 μM CoCl 2 , or cultured in 1% O 2 for 24 h. Cells were incubated with 1 μg/ml of 3,3'-dioctadecylindocarbocyanin (Dil)-LDL (Biomedical Technologies, Stoughton, MA) and 10 μg/ml of human LDL for 20 min at the same conditions, then fixed with 4% paraformaldehyde. Anti-mouse PIVKA-II (anti-DCP) (MU-3, 1:100, a kind gift from Eisai Co.) was applied overnight at room temperature after fixation. Then, monolayers were incubated with FITC anti-mouse IgG.
Immunofluorescent studies. Cells were incubated in each indicated condition for 24 h. After cells were fixed with 4% paraformaldehyde, primary antibodies were applied to monolayers of the cells overnight at room temperature. Anti-rabbit E-cadherin (1:50, IBL Co., Fujioka, Japan) or anti-mouse-PIVKA-II were used as primary antibodies. After washing, cells were incubated with FITC-conjugated anti-rabbit IgG (Sigma) or Alexa Fluor 568-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA). The cell nuclei were labeled with mounting medium containing DAPI (Vector, Burlingame, CA). FITC-conjugated phalloidin (Sigma) was applied for 40 min at room temperature to reveal the F-actin. Images were obtained using the 'All-In-One Immunofluorescence Microscopy' system (Keyence Inc., Tokyo).
Western blot analysis. Cells were resolved using SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were incubated with anti-vimentin (1:1000, Chemicon, Billerica, MA), anti-HIF-1· (1:1000, BD Transduction Laboratories, San Jose, CA), anti-Snail (1:1000, BD Transduction Laboratories) or anti-E-cadherin (1:2500, BD Transduction Laboratories). Antibodies against ß-actin (1:5000, Abcam, Tokyo) were used for an internal control. The proteins were detected using electro-chemiluminescence techniques (Pierce Chemicals, IL). Densitometric quantification was performed using Image Quant 5.2 (GE Healthcare, Piscataway, NJ).
Human HCC samples. Surgically resected specimens were collected from 40 patients between 2005-2007 at Jichi
Medical University Hospital and Koseiren Suzuka Chuo Hospital, Japan. The ethics committees of both hospitals approved the protocol to use liver samples. Both serum DCP and AFP were measured in all patients. The liver specimens were fixed in 10% formalin immediately after resection. Formalin-fixed samples were embedded into paraffin and prepared into 4-μm sections. These specimens were routinely stained with hematoxylin and eosin.
Immunohistochemistry. The specimens were immunohistochemically examined with the avidin-biotin complex (ABC) method. Anti-E-cadherin (1:400, BD Transduction Laboratories), anti-PIVKA-II (1:100) and anti-HIF-1· (H1-·67, 1:500, Sigma) were used as primary antibodies. ABC kit was obtained from Vector Laboratories (Burlingame, CA). After deparaffinization, the sections were retrieved by autoclave. After blocking endogenous peroxidase by immersion into 0.3% H 2 O 2 , each primary antibody was applied and reacted overnight at room temperature. For color development, 0.05% wt/vol 3,3'-diaminobenzidine tetrahydrochloride (DAB) was used. The section was counterstained with hematoxylin. The immunohistochemical staining as well as the histologic grade of HCC were independently evaluated by three authors (K.M., H. S., and A. S.) without knowledge of any clinical information. When the evaluation varied among the three, they re-evaluated and discussed to reach agreement. Staining intensity of DCP was evaluated into 4 grades: negative, weekly positive, moderately positive and strongly positive. Positive staining of nuclear HIF-1· was counted per 1000 hepatocytes in the area where the strongest DCP staining was observed in the section.
Statistical analysis. All data are expressed as mean ± SD. Multiple comparisons were performed using one-way ANOVA. Intergroup comparisons were performed using paired t-tests and Bonferroni's correction for multiple comparisons. Values of p<0.05 were considered to be statistically significant.
Results

Hepatoma cells produced DCP in hypoxic condition.
ELISA demonstrated that HepG2 (Fig. 1A) and PLC/PRF/5 (Fig. 1B) cells significantly produced DCP when cultured in hypoxic condition (O 2 =1%) for 48 h. Hypoxia-mimetic CoCl 2 also significantly induced both HepG2 (Fig. 1C) and PLC/PRF/5 ( Fig. 1D ) cells to produce DCP in a dose-dependent manner.
E-cadherin expression in DCP-producing cells.
To confirm whether hypoxia induced hepatoma cells to undergo EMT and whether these cells produced DCP during EMT, immunofluorescent studies and Western blotting were performed. Immunofluorescent studies demonstrated that hypoxia reduced E-cadherin expression in both HepG2 ( Fig. 2A) and PLC/PRF/5 ( Fig. 2B ) cells, whereas linear E-cadherin expression around the cell boundary was observed clearly in both control cells. CoCl 2 -treated cells or cells cultured in 1% O 2 became scattered and adopted a fibroblast-like appearance, whereas control cells showed round-shaped and clustered forms, although it was not prominent as chemicals (3, 4) . In addition, hypoxia-stimulated cells with reduced E-cadherin expression produced DCP. Western blotting (Fig. 2C ) demonstrated that hypoxic stimulation (both CoCl 2 and 1% O 2 culture) up-regulated both HIF-1· and Snail in both cell types. Hypoxic stimulation down-regulated E-cadherin expression in both cell types, which was consistent with immunofluorescent studies. By contrast, hypoxic stimulation up-regulated vimentin expression in PLC/PRF/5 cells whereas no vimentin expression was observed before and after hypoxic stimulation in HepG2 cells.
Impairment of LDL uptake in DCP-producing cells.
We previously reported that vitamin K uptake was impaired in DCP-producing HCC cells during chemical induction of EFC (3, 4) . Therefore, we examined whether hypoxia might impair vitamin K uptake in hepatoma cells as well. We used labeled-LDL (3,3'-dioctadecylindocarbocyanin LDL: Dil-LDL) uptake as a surrogate for vitamin K uptake as previously reported (3, 4) . Fluorescent studies demonstrated prominent accumulation of Dil-LDL in the cytoplasm of control HepG2 (Fig. 3A) and PLC/PRF/5 (Fig. 3B) cells, but these accumulations were impaired by CoCl 2 treatment or 1% O 2 culture. Interestingly, cells with an impairment in Dil-LDL uptake produced DCP, while cells with marked accumulation of Dil-LDL did not produce DCP.
F-actin rearrangement in DCP-producing cells. In our previous study (3,4) , disruption of F-actin during EFC or EMT was a crucial mechanism of DCP production in hepa- Fig. 4B and F) . The bars represent 10 μm. toma cells. Dynamic polymerization of endogenous F-actin plays an important role in clathrin-mediated endocytosis, including endocytosis of fat-soluble vitamins (i.e., vitamin K). In addition, disruption of the cytoskeletal network by hypoxia has also been reported (22, 23) . Therefore, the contribution of cytoskeletal rearrangement during hypoxia to DCP production in hepatoma cells was investigated. Indeed, an immunofluorescent study using FITC-conjugated phalloidin revealed a subcortical typical network of F-actin in control HepG2 (Fig. 4A and C) and PLC/PRF/5 ( Fig. 4E and G) cells, whereas these structures were disrupted and phalloidin-positive dots were observed after CoCl 2 treatment or 1% O 2 culture. In addition, DCP production was clearly observed in cells that lost linear F-actin structures, whereas DCP production was not observed in the control cells that showed a fine network of F-actin ( Fig. 4B and F) . DCPproducing cells and non-producing cells were simultaneously found in the same culture. Cells with linear F-actin structures (arrow) did not produce DCP even in hypoxic condition ( Fig. 4D and H) , emphasizing that disruption of F-actin plays a major role in DCP production as well as chemical induction of EFC or EMT (3, 4) .
An immunohistochemical study of HIF-1· and DCP in human HCC samples.
A total of 40 patients with surgically resected HCC were collected. Out of 40 patients, we excluded 10 patients who were undergone transarterial embolization (TAE) before surgical resection because ischemic response Table I . Patient characteristics. 
-----------------------------------------------------------------------------------------------------
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W, well-; M, moderate-; P, poorly-differentiated HCC.
-----------------------------------------------------------------------------------------------------
caused by TAE may affect HIF-1· expression. Characteristic features of enrolled patients are summarized in Table I . The median age was 67±11 years (male: female = 23:7) at the time of operation. The causes of chronic liver diseases were hepatitis B infection (n=5), hepatitis C infection (n=17) and cryptogenic cirrhosis (n=8). Immunohistochemistry using serial sections demonstrated that the staining intensity of DCP positively correlated with the number of positive staining of nuclear HIF-1· in the same lesions (Á=-0.635, p<0.0001) (Fig. 5A ). Typical staining patterns are shown in Fig. 5B (Case 5), 5C (case 11) and 5D (case 17). In these cases, a positive staining of nuclear HIF-1· was observed more frequently in HCC cells with stronger intensity of DCP.
These findings are consistent with our in vitro observations that hypoxia induced DCP production.
Discussion
DCP is a well-established tumor marker for HCC (24) , and the majority of the case-controlled studies have validated the utility of DCP for the diagnosis of HCC (25) (26) (27) (28) . However, serum levels of DCP are not always parallel to serum levels of AFP in patients with HCC. Sensitivity of DCP is lower than AFP for the diagnosis of small HCC although DCP has an extremely high specificity for HCC (29) . On the contrary, in large HCCs, the utility of DCP for the diagnosis of HCC was higher than that of AFP (30, 31) . In addition, serum DCP levels are reported to have a correlation with large tumor sizes (32) . Cancer cell growth is limited by the extent of vascularization. Without compensatory vascular adaptation, hypoxia generally occurs according to tumor development because diffusion limit of oxygen is within 100-200 μm from blood vessels (33) . Therefore, large HCC cells are likely to be exposed in hypoxic conditions. Hypoxia promotes EMT or metastatic phenotypes in vitro (20) and in vivo (13, 21) . In addition, the incidence of intrahepatic or extrahepatic tumor spread of HCC was significantly higher in larger HCCs as well (34, 35) . Taken together this evidence and our proposed mechanism (3, 4) , hypoxic stimulation could induce phenotypic changes to EMT, resulting in DCP production. Indeed, our ELISA demonstrated that two hepatoma cell lines (HepG2 and PLC/PRF/5 cells) were induced to produce DCP when they were cultured in 1% O 2 . In addition, hypoxic mimetic CoCl 2 induced DCP production in a dose-dependent manner.
During EMT, E-cadherin expression is down-regulated, and vimentin, an intermediate filament normally expressed in cells of mesenchymal origin, is up-regulated in cells involved in pathological or physiological processes which require epithelial cell migration, especially during wound healing (11) or tumor invasion (36, 37) . Both the immunofluorescent study and Western blotting showed that hypoxic stimulation induced both cells to down-regulate E-cadherin expression and PLC/PRF/5 cells to up-regulate vimentin. Therefore, hypoxia induced HepG2 cells to EFC, and induced PLC/ PRF/5 cells to EMT. E-cadherin is reported to repress through up-regulation of transcriptional genes such as Snail, Slug or TWIST1 (38) , and an inverse correlation between Snail and E-cadherin was observed in our experiments as well. Therefore, it is likely that hypoxia-induced E-cadherin repression is mediated by up-regulation of Snail in HCC cells although some other pathways were not determined in this study. On the other hand, it is not clarified yet how vimentin is upregulated during EMT. These issues should be addressed in the future.
Next, we examined Dil-LDL uptake because its uptake was impaired during chemical induction of EFC, which resulted in DCP production (3, 4) . In this study, accumulation of Dil-LDL was impaired in cells cultured in hypoxic conditions whereas prominent accumulation of Dil-LDL in cells cultured in normoxic condition. In addition, cells with an impairment in Dil-LDL uptake produced DCP, while cells with marked accumulation of Dil-LDL did not produce DCP, as seen in hepatoma cells with chemical induction of EFC (3, 4) . Actin-based cytoskeletal reorganization affects several processes required to reshape the plasma membrane, including different forms of endocytic internalization and the protrusion of lamellipodia and filopodia during cell migration (39) (40) (41) . In addition, the cytoskeleton is dramatically reorganized during EMT (42, 43) . Therefore, we next examined if hypoxia could contribute to cytoskelatal rearrangement. Actually, fine network of F-actin was absent in the CoCl 2 -treated cells or cells cultured in 1% O 2 . In addition, DCP production was clearly observed in cells that lost linear F-actin structures, whereas DCP production was not observed in the control cells that showed a fine network of actin filaments.
Thus, hypoxia induced HCC cells to produce DCP in the same mechanism as chemicals (3, 4) . In other words, HCC cells change their phenotypes in an unfavorable microenvironment, which induce HCC cells to produce DCP by impairment of vitamin K through cytoskeletal rearrangement. In these situations, it is possible that E-cadherin repression affects cytoskeleton since the cytoplasmic domain of Ecadherin interacts with catenin molecules that mediate binding to the actin filaments (44) .
HIF-1· is known to be translocated into nucleus under hypoxia, following gene transcription (45) . The expression and localization of HIF-1· was reported to be well correlated with tissue hypoxia (46) . In our immunohistchemistry using surgically resected HCC samples, the intensity of DCP was positively correlated with the number of nuclear HIF-1· positive cells in the same area. These observations may confirm our in vitro experiments that hypoxic stimulation induced EFC or EMT, resulting in DCP production in HCC cells. However, all DCP producing cells did not show positive staining of nuclear HIF-1·. Adaptation to hypoxia through HIF-1· are particularly relevant to cancer progression, and include angiogenic factors such as VEGF, cell proliferation and survival factors such as insulin-like growth factors, and glycolytic enzymes, invasion or metastatic factors such as matrix metalloproteinases (47) . Thus, sequential adaptation may stabilize HIF-1·, resulting in switch-off of HIF-1· signaling. In addition, cytoskeletal changes might still remain after switch-off of its signaling. These could be one of the reasons why staining of HIF1-· and DCP was not always matched in HCC tissues.
According to our results, transarterial chemoembolization (TACE), which induce hypoxia within HCC cells, have a potential risk to induce phenotypic changes to EMT in survival HCC cells after treatment and, therefore, these cells could become aggressive phenotypes to cause invasion or metastasis. Indeed, sarcomatous appearance was most frequent in cases with repeated TAE (48) . In addition, TACE combined with radiofrequency ablation (RFA) therapy was superior to TACE alone in improving survival for patients with HCC (49) . RFA combined with TACE in patients with early-stage HCC provides overall and disease-free survival rates similar to those achieved by hepatectomy (50) . It is possible that RFA might eradicate surviving HCC cells that would become aggressive phenotypes after TACE, although some other factors such as increase of ablative zone after TAE may contribute to it.
In conclusion, we demonstrated here that hypoxia induced HCC cells to produce DCP with the same mechanism as chemicals. In addition, our serial studies may suggest the ecology of HCC cells, with special reference to the mechanism of DCP production; HCC cells can become an aggressive phenotype in an unfavorable microenvironment such as chemicals or hypoxia. During these changes, HCC cells produce DCP by impairment of vitamin K uptake through cytoskeletal rearrangement.
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